Background: Oral rehabilitation with dental implants has become increasingly common; how-
from the altered regulation of cytoplasmic calcium mediated by osteoclasts, further inhibiting bone resorption. 6 Furthermore, recent studies have shown that DOX inhibits osteoclast differentiation. 7 These studies indicate beneficial effects of DOX on bone regeneration.
The practice of applying certain antibiotics on the implant surface to prevent infection has been adopted in previous studies. The titanium screws were coated with several antibiotics including doxycycline with the dip-coating method, which reduced implant infection in a murine model (Baker et al). 8 However, as the affinity of the antibiotics to the titanium surface is relatively low, antibiotics that retained on the implant surface may be reduced when antibiotics are being coated to titanium. Song and his collaborators directly deposited coaxial DOX-doped polycaprolactone/polyvinyl alcohol (PCL/PVA) nanofibers (NFs) on a titanium (Ti) implant surface during electrospinning, which demonstrated that a DOX-doped NF coating effectively inhibited bacterial infection and enhanced osseointegration in an infected (Staphylococcus aureus) tibia implantation rat model. 9 Nevertheless, such DOX coating method required a special device, and other molecules than DOX were also loaded on the implant surface. We and Walter et al have also reported that DOX treatment on the implant surface enhances osseointegration of the implants. 10, 11 Although implant surface modifications enhance osseointegration, modified implant surfaces may promote the attachment and colonization of bacteria that cause peri-implantitis, compared with machined surfaces. Hydroxyapatite (HA) coating is one of the most effective implant surface modifications that accelerates the implant fixation on the adjacent newly formed bone tissues. 12 Thin HA coating fabricated by sputtering technology has been shown to be a promising surface to treat patients with a compromised alveolar bone condition. 13 Furthermore, HA is also useful as a carrier for therapeutic drugs. Notably, HA has a high affinity for DOX; thus it is likely that DOX-treated HAcoated implant surfaces can resist infection.
Peri-implantitis has been experimentally induced in animals with several methods, such as ligation around the implant, injection of a bacterial pathogen, and mechanical overload. 14 The most commonly applied method for inducing peri-implantitis experimentally is ligature placement around the implant necks, which facilitates local bacteria accumulation and further enhances bacteria-mediated inflammation and bone resorption. 15 We and others have recently developed a ligature-induced peri-implantitis mouse model. [16] [17] [18] The aim of the present study is to investigate whether DOXtreated HA implant surfaces affect the progression of ligature-induced peri-implantitis in mice.
| MATERIALS AND METHODS

| Sample preparation
HA-coated implants were manufactured according to our previously published study. 11 Briefly, 20 custom-made, 1.5 mm long and 0.8 mm in diameter, pure titanium self-tapping screw type implants (Matsumoto Industry Co, Ltd, Chiba, Japan) were applied. After 5 minutes of ultrasonic cleaning in ethanol, HA coating was produced by the magnetron frequency sputtering method on all the implants in an SPD-410H (ANELVA Corp Kawasaki, Japan) chamber to obtain an The surgical procedures were performed following the previously described method. until only the implant heads were exposed in the oral cavity to permit ligature placement. Implants were allowed to heal for 4 weeks, and during the first week, the mice were on a soft diet. 
| Histological and histomorphometric analysis
Maxillae specimens were dissected out of the animal and fixed in 10% 
| Statistical analysis
| RESULTS
The postoperative healing was uneventful in all cases. Complications such as abscesses or acute inflammatory reactions were not observed in any of the animals throughout the experimental period. There was no noticeable inflammation around the implant neck after the implant placement and before the ligature placement. Four weeks after the ligature placement, plaque had accumulated on all the implant necks.
In some animals in the HA group, the progression of inflammation with hyperplasia and bleeding was evident, whereas in the DOX group there was less gingival swelling than the HA group. All the implants were stable when checked with micro forceps at the time of the ligature placement and sacrifice.
To investigate peri-implant bone level change at the buccal, palatal, mesial, and distal sites before and after the ligature placement, radiographic analysis was conducted with micro-CT. Table 1 displayed the radiographic measurements of peri-implant bone levels before the ligature placement (0 week) and 4 weeks after the ligature placement (4 weeks). Figures 3 and 4 showed the micro-CT images of the implants and the surrounding bone before and after the ligature placement.
Before the ligature placement, bone levels of both groups showed no significant difference. Four weeks after the ligature placement, bone level in both the HA and DOX groups decreased significantly compared to the bone levels before the ligature placement (Table 1) .
Notably, 4 weeks after the ligature placement, the bone levels of palatal and mesial sites in the DOX group were significantly higher than those in the HA group (Table 1) . Evidently, the ligature-induced bone loss in the DOX group was alleviated at the palatal and mesial sites of the implants. However, such inhibition of bone loss was not detected at the buccal and distal sites of the implants in the same group (Table 1) . In addition, the down growth of the mucosal tissue replacing the space of the resorbed bone was evident. Table 2 showed the histomorphometric measurements of periimplant bone levels 4 weeks after ligature placement. In both the mesial and distal sites, the bone levels of the DOX group were significantly higher than those of the HA group. , and mini pigs. 23 In recent years, mice have been employed as an experimental periimplantitis model with several advantages. We and others have reported a peri-implantitis murine model. [16] [17] [18] In the present study, peri-implantitis of HA-coated implants was induced by ligature placement in mice. Although several different protocols were established for inducing peri-implantitis, [16] [17] [18] our protocol mimicked the lifetime of the implants in the clinical situation within a short time period, including tooth loss, extraction socket healing, implant placement, osseointegration, and peri-implantitis development.
| DISCUSSION
Pirih et al reported that implant survival rate was 60% in the experimental peri-implantitis mice 12 weeks after ligature placement, 18 nonetheless, our survival rate was 100% after 4 weeks. Peri-implant bone levels of the HA and DOX groups at 4 weeks compared to that at 0 week, respectively, P < .05. b Bone level of the DOX group at 4 weeks versus the HA group at 4 weeks, P < .05. Data are shown as the means AE standard deviation (n = 5). In our previous study, titanium mini screws with machined surfaces were used in the experimental peri-implantitis mouse model, which was similar to the present study. The bone levels at all sites (buccal, palatal, mesial, distal) remained only 40%-50% 28 days after ligature placement compared to that of before ligature, 16 whereas bone levels in the present study were 70%-80% and 60%-70% in the DOX and HA groups, respectively. The bone levels in our previous study were minor than the ones in the present study, that is, the bone losses in our previous study were larger than the losses in the present study. The experimental methods in these studies were similar with the exception of the implant surface modifications: the machined surface in our previous study and the HA-coated surface with or without DOX treatment in the present study. It is likely that the difference in bone loss between these two studies was due to the different surface modifications.
In a vintage HA-coated implant, the HA layer on the implant surface was thick and easily formed cracks during the coating process, implant insertion and functioning, resulting in the serious complications such as peri-implantitis and implant loss. 24, 25 This issue was ameliorated at the beginning of the 21st century. As HA-coated surfaces are highly osteoconductive and promote implant stability at the early phase after implant placement, 12 several HA-coated surfaces were developed. 12, 13, 26 In the present study, the surface was modified with magnetron sputtering technology, which produces strong, uniform and thin HA adhesion to the implant surface. In the in vivo study, osseointegration was enhanced with the sputtered HA-coated implants and no connective tissue was observed. 26 Furthermore, we demonstrated that the progression of peri-implantis of the sputtered HA-coated implants was slower compared to the other HA-coated implants with thick HA coating. 27 With the immense clinical application of dental implants, the prevalence of peri-implantitis has increased in recent years. The prevalence rate of peri-implantitis demonstrating bone loss in combination with bleeding upon probing varies from 28% to 56% of subjects. 28 One of the keys of peri-implantitis treatment is to reduce periodontal pathogens. Oral hygiene combined with non-surgical debridement, or in some instances, surgical access debridement with an antibiotic application is effective for treating peri-implantitis. and implant surface cleaning with a hand plastic instrument. 5 Moura et al used a combination of nonsurgical debridement with the locally controlled sustained-release of DOX by bioresorbable nanospheres in the peri-implant defect. 30 After 15 months of prolonged DOX delivery, diminution of clinical inflammatory parameters, such as bleeding and suppuration upon probing and reduction of probing depths were detected.
As DOX inhibits matrix metalloproteinases (MMPs) and osteoclastogenesis, it is possible that DOX prevents diseases involving bone resorption, including peri-implantitis. In this study, the local delivery of DOX from the HA-coated implant surface showed an inhibitory effect on the progression of ligature-induced peri-implantitis in the maxilla, a relatively sparse and weak bone area.
Guru et al demonstrated that DOX application decreased MMP-9 activity in chronic periodontitis. 31 Although the level of active forms of MMP-7 significantly increased in diseased peri-implant sulcular fluid (PISF), DOX as an MMP inhibitor did not restrain the activity of human recombinant MMP-7. 32 Thus, the inhibitory effect of DOX on MMP-7 in periodontitis might be an indirect effect.
In addition, Madi et al demonstrated that the probing depth and attachment loss were significantly diminished by locally delivered nanodoxycycline gel in the therapy of chronic periodontitis, and the levels of inflammatory mediators, such as IL-6 and TNF-α, were also reduced. 33 Moreover, DOX-induced bone repair in periodontal diseases by activating Wnt10b and inhibiting Dickkopf protein (Dkk).
Dkk is the negative regulator of the Wnt signaling pathway through binding and promoting the internalization of lipoprotein receptorrelated protein (LRP) 5 or LRP6. 34 These DOX effects are obviously beneficial to treat periodontitis.
There are similarities between periodontitis and peri-implantitis.
Microorganisms are mainly involved in both diseases and periodontal pathogens are also detected in the pocket around the implant in periimplantis, although there is a difference in microbiota between these two conditions. 35 Despite some microbiota differences, DOX is effective both in periodontitis and peri-implantitis.
In the previous studies concerning DOX and peri-implantitis treatment, DOX was applied after the lesion was established. However, in the present study, DOX was applied before the lesion appeared. Thus, the present study is for prevention rather than treatment.
In the present study, DOX prevented peri-implantitis in a mouse model; however, the mechanism of DOX on peri-implantitis prevention is still not clear. Even if the inhibiting mechanism on MMPs and osteoclastogenesis has been fully demonstrated, there are several DOX pathways, such as antioxidation. Further research is required to clarify this point.
| CONCLUSION
The present results demonstrated that a DOX-treated HA implant surface attenuates ligature-induced peri-implantitis in a mouse model.
CONFLICT OF INTEREST
The authors indicate no conflicts of interest to disclose. 
